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Electrically Induced Optical
Emission from a Carbon
Nanotube FET

J. A. Misewich,* R. Martel, Ph. Avouris, ). C. Tsang, S. Heinze,
J. Tersoff

Polarized infrared optical emission was observed from a carbon nanotube
ambipolar field-effect transistor (FET). An effective forward-biased p-n junc-
tion, without chemical dopants, was created in the nanotube by appropriately
biasing the nanotube device. Electrical measurements show that the observed
optical emission originates from radiative recombination of electrons and holes
that are simultaneously injected into the undoped nanotube. These observa-
tions are consistent with a nanotube FET model in which thin Schottky barriers
form at the source and drain contacts. This arrangement is a novel optical
recombination radiation source in which the electrons and holes are injected
into a nearly field-free region. Such a source may form the basis for ultrasmall

integrated photonic devices.

Nanowires and nanotubes are being investi-
gated for use in nanoscale optoelectronic and
photonic applications because of their capa-
bility for efficient transport of carriers. Re-
cently, great progress was achieved in the
synthesis of direct band-gap material nanow-
ires and nanowire superlattices (/-3), and
their electroluminescence properties may al-
low novel light sources to be fabricated.

In the fabrication of light-emitting devices
from nanowires made of conventional semi-
conductor materials, two major approaches
have been taken. In one approach, indepen-
dent p-doped and n-doped nanowires are as-
sembled into a crossed structure to form a p-n
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junction (2). Alternatively, a nanowire super-
lattice is grown by modulation of the reactant
supply during nanowire growth (3). Both ap-
proaches require great precision in the fabri-
cation steps.

We have focused instead on semiconduct-
ing single-walled carbon nanotubes (s-
SWNTs), which have proven to be well suit-
ed for making field effect transistors (FETs)
(4-6). Despite the approximately 1.4-nm di-
ameter of the nanotube, this channel can
switch as much as 6 pA, corresponding to a
current density >10% A/cm?. More recently,
both p-type and n-type nanotube FETs have
been fabricated, and logic gates have been
demonstrated (7—9). The ability of nanotubes
to support p-type as well as n-type behavior,
in combination with the direct band gap of
these materials, suggests the possibility of a
nanoscale optical source using carbon nano-
tubes. Although the Raman spectra of carbon
nanotubes have received extensive attention
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(10, 11), little work has been done on the
optical properties of individual carbon nano-
tubes. Recently, photoexcited band-gap fluo-
rescence was observed in bulk carbon nano-
tube samples in which the tubes were incor-
porated inside micelles (/2). In this paper, we
show that polarized optical emission can be
observed from a single s-SWNT or a small
bundle of s-SWNTs dispersed from solution
when electrons (e7) and holes (h™") are elec-
trically injected simultaneously.

Carbon nanotube optical sources can be dis-
tinguished from semiconductor nanowire
sources because in the undoped carbon nano-
tube optical device, there is no depletion region
analogous to that in a conventional p-n junction.
Rather, the carbon nanotube source relies on the
presence of narrow metal-nanotube Schottky
barriers (13, 14) that are present at each junc-
tion and allow both e~ and h™ injection (75,
16). The recombination radiation is generated
in a dopant-free channel and no built-in field is
present.

The s-SWNT device we used (Fig. 1A)
was a three-terminal FET identical to the
ambipolar devices described earlier (7J5).
Fabrication started by randomly dispersing
carbon nanotubes ~1.4 nm in diameter from
solution onto a p™ silicon substrate with a
150-nm silicon dioxide layer (17, 18). Source
and drain contacts were fabricated by means
of lithography and lift-off techniques. A 50-
nm-thick titanium evaporated film was used
to make the source and drain contacts, and the
devices were then annealed in argon at a
temperature of 850°C. This process has been
shown to lead to abrupt junctions with titani-
um carbide contacts (/5). The devices were
then capped with a 10-nm silicon dioxide
layer deposited at room temperature and den-
sified by first annealing at 400°C for 30 min
in forming gas and subsequently annealing at
700°C for 2 min in argon. The electrical
characteristics of a typical resulting ambipo-
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lar FET (Fig. 1B) show that with the source at
ground potential and a small drain potential,
the device behaves as an n-type conductor by
drawing electrons into the channel when the
gate potential is positive, and as a p-type
material by drawing holes into the channel
when the gate potential is negative.

We characterized the optical emission
properties of these devices with an infrared
(IR) camera (an IR Laboratories 256 X 256
HgCdTe IR camera) mounted on the probe
station used to measure their electrical prop-
erties. This camera can detect light with
wavelengths longer than about 800 nm. How-
ever, this camera has a built-in filter that
begins to block light at wavelengths longer
than 1500 nm. IR images with this camera are
typically obtained by integrating the emission
for 190 s.

Temperature-dependent electrical transport
data, in conjunction with modeling, have shown
that the application of a gate field in the s-
SWNT device, as in Fig. 1A, results in a Schot-
tky barrier width that allows thermally assisted
e or h* tunneling through the barrier, depend-
ing on the sign of the gate field (15, 16, 19).
Simultaneous ¢~ and h™ injection was achieved
by biasing the device with the value of the gate
potential between those of the source and drain
potentials. This biasing scheme results in oppo-
site signs for the gate-induced fields at the
source and drain electrodes. For example, con-
sider the case where the source is grounded, the
gate is at a potential of +5 V, and the drain is
at +10 V. The difference of the potentials of
the source and drain with respect to that of the
gate is the same (5 V), but the sign of the gate
field is opposite at each contact, with the field at
the source drawing electrons into the channel
while the field at the drain draws holes into the
channel (20). A region is created near the
source that behaves as an n-type material, and a
region is created near the drain behaving as a
p-type material, with a higher potential applied
to the p-type region. In a simple model, the
device can be thought of as a sort of a forward-
biased p-n junction. Figure 1C shows a family
of curves where the drain current is plotted
versus drain voltage (V) for different values of
the gate voltage (V). For a given V, that is
below the threshold voltage of the nanotube
FET, there is only a small current flowing until
V, exceeds Ve Beyond this point, the current
grows nearly exponentially.

A calculated band diagram for this system
based on the Schottky barrier transistor model
of (16) is shown in Fig. 1D. This model has
been shown to reproduce the experimental ob-
servations on ambipolar FETs (/5). The key
features of this band diagram are the Schottky
barriers at each metal-nanotube junction. We
expect the sum of the barrier heights for e~ and
h™ to equal the band gap, as is shown in Fig.
1D. However, because of the opposite gate field
at each tube end, the tunneling barrier width for

e is small at the source, whereas it is small for
h* at the drain. Thermally assisted tunneling
then allows for the efficient injection of both e~
and h™ simultaneously at room temperature.
Such a band diagram is consistent with the data
of Fig. 1C.
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FET tested (>10) and never from unipolar

B 600

500

'S
o
o

Current (nA)
W
=]
S

0
10 -5 0 5 10 15 20
Gate voltage (V)
D T T T T T
0
-
>
CA
)
5 2
[ =4
w
-3 v\
--- Ly=400nm N
— Ly;=800nm '\
-4
1 1 1 1 \

0.0 0.2 0.4 0.6 0.8 1.0
Scaled position along NT

Fig. 1. (A) Schematic diagram of the ambipolar s-SWNT device structure. (B) Electrical character-
ization of a typical ambipolar device. A plot of the drain current versus V, for a grounded source
and a small drain potential of 1V is shown. The data indicate ambipolar behavior. (C) Plot of the
drain current versus V,, for a grounded source and a gate potential of 5 V for the device used in the
optical measurements. The inset shows the data on a logarithmic scale. (D) Calculated band
structure for carbon nanotube FET devices with V; = 4 V and V, halfway between the source and
drain voltages. The bands were calculated using channels 800 nm’(black) and 400 nm (red) long and

a 150-nm silicon dioxide gate insulator layer.

Fig. 2. Optical emission
from an ambipolar carbon
nanotube FET detected
with an IR camera. The
upper plane is a color-
coded IR image of the car-
bon nanotube FET. The
contact pads and thin
wires leading to the car-
bon nanotube channel are
shown in yellow. The low-
er plane is the surface
plot of the IR emission
image taken under condi-
tions of simultaneous e~
and h* injection into the
carbon nanotube. The
emission was localized at
the position of the carbon
nanotube. (Inset) SEM
showing the device struc-
ture in the region of the
nanotube emitter.
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nanotube devices (>12). As an example, the
upper plane in Fig. 2 shows a color-coded IR
image of an entire chip. This picture was
obtained using the IR camera with the sample
under IR illumination. The blue area shows
the silicon dioxide, whereas the yellow area
shows the metallization providing contacts to
the carbon nanotube. Large pads used for
contact in the probe station are shown in
yellow (the pads are ~70 pm square). The
narrower yellow lines show the metal wires
that form a small gap (~300 nm): the sepa-
ration between source and drain that is
bridged by the nanotube channel [see a
closeup scanning electron microscopy (SEM)
image in the inset of Fig. 2]. A darker orange-
yellow region shows the probes contacting
the pads to measure the electrical properties
of the device. The nanotube itself cannot be
seen with the IR imaging because of the
limited spatial resolution of 1 wm. However,
SEM images and electrical measurements
confirm that the nanotube bridges the gap at
the ends of the metallization. Finally, the
lower plane is a color-coded surface plot of
the intensity of the IR emission from a biased
device. This image was obtained by eliminat-
ing all background light and obtaining an IR
camera image while current was flowing
through the device. When both e and h™
were injected (as in Fig. 1C), then IR emis-
sion was observed. Data were obtained using
a 190-s integration time while a parameter
analyzer repeatedly swept V', between 0 and
10 V in about 3 s, while keeping the source
grounded and V, fixed at +5 V. We used this
sweeping technique in order to avoid thresh-
old shifts that may occur because of mobile
charges present on the gate oxide.

Because the approximately 1.4-nm-diameter
carbon nanotubes have a band gap of ~750
meV (21, 22), which corresponds to a
wavelength of approximately 1650 nm, the

camera observes emission that is on the
high-energy side of the peak of the band-
gap emission. However, the detected inten-
sity of the emission is high and therefore
indicates that the recombination peak is
significantly broadened, probably because
of a shorter lifetime associated with the
direct interactions with the metal contacts
and the presence of electric field gradients.
The emission is highly localized in the IR
camera image in Fig. 2 at the position of the
nanotube; the emission intersects the upper
panel at the location where the nanotube
bridges the source and drain electrodes.
When either an electron or hole unipolar
current flowed through the device, for ex-
ample when a small voltage was applied to
the drain and a large voltage to the gate (as
in Fig. 1B), no IR emission was observed,
even at higher currents (and higher power),
demonstrating that thermal heating is not
the source of the observed IR light.
Experiments under different electrical bi-
asing conditions provide further evidence that
the nature of the IR emission is recombina-
tion radiation in the nanotube resulting from
the simultaneous injection of e~ and h™. Fig-
ure 3A shows the emission intensity deter-
mined in a series of experiments where the
gate voltage was fixed at a value V, while the
drain voltage was swept repeatedly from 0
volts to V,, corresponding to the electrical
transport data shown in Fig. 1C. The red data
points are for a ¥, = 8 V, whereas the blue
points give the intensity for ¥, = 4V, as a
function of ¥, (a background level was sub-
tracted out to help the comparison with the
theoretical curves). Starting at V, = 8 V, no
emission was observed. This result is consis-
tent with our Schottky barrier model for the
behavior of this system, because V7, did not
exceed V, and thus there was a wide barrier
inhibiting h™ injection. As ¥, was decreased,

Fig. 3. (A) IR emission intensity T
during repeated sweeps of the A
drain potential from O V to V, as ;
a function of gate potential V.
The red data (triangles) are for
Vg = 8V, and the blue data
(circles) are for V4 = 4 V. The
blue data are multiplied by 5. For
a given V, the IR emission shows
amaximum when V, = V,/2. The
full curves give the computed
emission at constant Vy, assum-

IR emission (relative units)

(‘n"e) Juauuna
y Jo 3 wnwiujw pazijew.loN
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currents. The theoretical current 120 .
is normalized to the maximum = 100 E
emission detected at V, =8 V. 5 80| -
The black dotted lines indicate 2 60} E
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sion data. The dashed line is a 1 1 1 1 1
curve to guide the eye. (B) The 0 2 4 6 8 10
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the device during the sweeps corresponding to the red data.
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the IR emission intensity grew because of the
increasing h™ current and reached a maxi-
mum at about V, = V,/2. When V, was
lowered further, the total current in the sys-
tem continued to increase (see Fig. 1C), but
the IR emission intensity decreased. For com-
parison, the total electrical power in the chan-
nel is also plotted in Fig. 3B, showing that as
V, was lowered, the power continued to in-
crease. The IR emission peaked near V, =
V,/2, where the injected ¢~ and h™ currents
were about equal because the fields acting on
the source and drain Schottky barriers had
about the same magnitude (but opposite di-
rection). At lower V,, the current became
more unipolar and the emission decreased. A
calculation based on the Schottky barrier
model (/6) of the variation of the IR emis-
sion with V, is shown by the solid lines in
Fig. 3A. This model assumes that the emis-
sion intensity is determined by the current of
the minority carrier. The calculated emission
intensity is scaled to the observed intensity at
V, = 4 V. The model predicts a maximum
emission at v, = V42, as is observed exper-
imentally, with increasing emission at higher
V,. In addition, the model fits very well the
relative intensity of the emission peaks, but

Fig. 4. Polarization dependence of the optical
emission intensity from an ambipolar carbon
nanotube FET. (A) The data (red dots) are
shown in the form of a polar plot of the inten-
sity versus analyzer angle 6 (accuracy is about
10°). The green curves are a fit of the data to a
cos’0 dependence. (B) An SEM image of the
emitting device showing the region near the
nanotube channel. The whole device is covered
by 10 nm of SiO, . The red arrows in (A) and in
(B) mark the polarization direction and the
orientation of the nanotube, respectively.
Unique polarization analysis data were only
attained for a 180° sweep of the analysis angle;
however, the data are plotted in a standard
360° plot for ease of comparison.
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this agreement may be fortuitous. An alter-
native model, based on the product of e~ and
h™ currents, gives a poor description of the
relative intensities but a good description of
the peak width for ¥, = 8 V. The key point
is that the maximum in emission at V,, = V/2
is a clear signature of emission caused by
carrier recombination in an ambipolar Schot-
tky barrier transistor.

The optical emission from the nanotube de-
vices was further characterized by measuring its
polarization. For this purpose, an IR polarizer
was inserted between the sample and the IR
camera. Figure 4A presents an example of a
polar plot showing the intensity of the IR emis-
sion (red dots) as a function of the polarization
angle from a device operating with V, = 4 V and
V4 = 8 V. The carbon nanotube is expected to be
a linearly polarized dipole radiation source.
When the radiating dipole makes an angle 6 with
respect to the polarizer analysis axis, the com-
ponent of the emitted field along the polarizer
axis is proportional to cosf. The transmitted
intensity therefore is proportional to cos®0. The
green lines in Fig. 4 show this ideal cos® de-
pendence. The measured data are in reasonable
agreement with the expected behavior of a lin-
early polarized source. Also shown in Fig. 4B is
an SEM image of the device covered with SiO,
oxide, which shows that the peak in the polarized
emission occurs when the polarizer is aligned
parallel to the carbon nanotube axis.

Because the band gap in carbon nanotubes
is inversely proportional to the tube diameter,
one should be able to control the wavelength
of the optical emission by using tubes of
different diameters. In addition, an aggres-
sive scaling of the gate oxide thickness and
the use of an insulator with a high dielectric
constant are expected to improve the injec-
tion efficiency and emission yield, and re-
duce the operation voltage. Thus, carbon
nanotubes offer great promise as a com-
pact, easy-to-integrate nanoscale source of
photons for future photonic and optoelec-
tronic devices.
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The Potential for Earthquake
Early Warning in Southern
California

Richard M. Allen'* and Hiroo Kanamori?

Earthquake mitigation efforts in the United States currently use long-term
probabilistic hazard assessments and rapid post-earthquake notification to
reduce the potential damage of earthquakes. Here we present the seismological
design for and demonstrate the feasibility of a short-term hazard warning
system. Using data from past earthquakes, we show that our Earthquake Alarm
System (ElarmS) could, with current TriNet instrumentation, issue a warning a
few to tens of seconds ahead of damaging ground motion. The system uses the
frequency content of the P-wave arrival to determine earthquake magnitude,
an approach that allows magnitude determination before any damaging ground

motion occurs.

Current efforts to mitigate seismic hazard in the
United States include long-term (50-year) haz-
ard assessment and rapid post-event notification.
Long-term hazard mitigation is facilitated by
probabilistic ground-shaking maps (/), which
estimate the probability of ground motion ex-
ceeding some threshold during the next 50
years. Such maps are used in the development of
building codes intended to prevent the collapse
of buildings during an earthquake. Rapid post-
event notification in southern California is pro-
vided by TriNet (now part of the California
Integrated Seismic Network), a network of
about 155 station sites with both high dynamic-
range broadband and strong-motion instrumen-
tation (2, 3). Rapid notification of earthquake
source parameters is issued through a pager
system called CUBE (4) and over the Internet,
within minutes of substantial earthquakes.
Peak ground motion observations are also
used to generate a map of ground motion
distribution (“ShakeMap”) within 3 to 5 min
of an earthquake (5).

Earthquake early warning systems (EWSs)
provide a few seconds to tens of seconds of
warning of oncoming ground motion, allowing
for short-term mitigation. EWSs that estimate
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of Wisconsin, Madison, WI 53706, USA. 2Seismologi-
cal Laboratory, California Institute of Technology,
Pasadena, CA 91125, USA.

*To whom correspondence should be addressed. E-
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the severity of ground shaking and the time till
that shaking will commence are in operation in
Japan, Mexico, and Taiwan. The most basic
system, offering no warning time, issues an
alarm when ground shaking at the same loca-
tion exceeds some threshold. When the earth-
quake source region is some distance from a
populated area or city, seismometers can be
deployed between the source and the city to
detect any earthquake and transmit a warning
electronically, ahead of the more slowly mov-
ing ground motion. Mexico City is protected by
such a front-detection EWS: Seismometers
along the coast detect earthquakes in the Guer-
rero Gap ~300 km southwest of the city and an
alarm is issued, providing ~70 s of warning
time (6, 7). The Central Weather Bureau of
Taiwan also uses a front-detection EWS, which
requires an average of 22 s to determine earth-
quake magnitude and location and thus pro-
vides warning for areas greater than ~75 km
from the epicenter (8, 9).

All these EWSs use observations of peak
ground motion to estimate the magnitude of
an earthquake, which is the most commonly
applied and most accurate method of local
magnitude determination. However, this ap-
proach does not provide the most rapid mag-
nitude estimate. The first seismic arrival from
an earthquake is the P wave, which is usually
relatively low-amplitude and causes little
damage (Fig. 1). It is followed by the S wave,
which usually has a larger amplitude and
includes the peak ground motion (Fig. 1),
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